6 9 7 a r t I C l e S A large proportion of spinal cord injury patients have incomplete lesions, where parts of the spinal cord tissues remain intact. Due to the strong inhibitory environment in the injured adult spinal cord, especially in the glial scar, and reduced growth potential of adult axons, the original connections are usually not restored. Nonetheless, the complex circuitry can undergo remodeling to achieve variable levels of functional recovery with rehabilitative training. The molecular and circuit mechanisms underlying such functional recovery are poorly understood. The study of both circuit plasticity and its molecular control will provide important biological basis for treating paralysis.
a r t I C l e S
A large proportion of spinal cord injury patients have incomplete lesions, where parts of the spinal cord tissues remain intact. Due to the strong inhibitory environment in the injured adult spinal cord, especially in the glial scar, and reduced growth potential of adult axons, the original connections are usually not restored. Nonetheless, the complex circuitry can undergo remodeling to achieve variable levels of functional recovery with rehabilitative training. The molecular and circuit mechanisms underlying such functional recovery are poorly understood. The study of both circuit plasticity and its molecular control will provide important biological basis for treating paralysis.
Functional restoration of the corticospinal motor system after spinal cord injury is of primary importance since it is essential for recovery of voluntary motor control 1 . In rodents, however, the role of the corticospinal tract (CST) is more limited, with little effect on locomotion and hindlimb usage 1 . Nevertheless, the CST is crucial for skilled forelimb motor control [1] [2] [3] . Fine motor skills are lost after a dorsal column lesion of the main CST, with a varying extent of spontaneous recovery 4, 5 . Therefore, we used a forelimb reaching and grasping task to study how skilled forelimb function is lost after lesion, how it recovers, and what limits its recovery.
Previous work in our lab has demonstrated that Wnt signaling, which regulates axon guidance in development, has a profound effect on axon plasticity after injury in the adult spinal cord [6] [7] [8] [9] . To specifically test the function of Wnt-Ryk signaling in neurons, we generated a conditional allele of Ryk, encoding a repulsive Wnt receptor, performed motor-cortex-specific knockout and then lesioned the dorsal columns at cervical spine segment 5 (C5). Following Ryk conditional knockout, mice recovered on a skilled forelimb reaching task to 81 ± 7% of peak pre-injury levels at 12 weeks after dorsal column lesion, compared to only 60 ± 5% in wild-type control mice. This additional recovery depends on the segment of the main CST immediately rostral to the lesion (C3-C5), as a second dorsal column lesion at C3 reduces the functional recovery of conditional knockout to control levels. Anatomical analyses showed significantly increased collateral sprouting of CST above and below the C5 injury and with presynaptic puncta in these axon sprouts.
Using an optogenetic approach, we monitored the output map of the motor cortex. We found that, immediately after C5 dorsal column lesion, forelimb elbow flexion can be activated by a much larger cortical area, whereas forelimb extension was lost. Over time, the area that activates forelimb flexion reduced back to the original size and a new area, which used to activate the hind limb, was recruited to activate forelimb extension. After the second lesion at C3, the control of forelimb flexion was lost but this new control of forelimb extension was largely unaffected. In Ryk conditional knockout (cKO) mice, these changes are more gradual and persistent, and a greater cortical area controls both the forelimb extension and flexion in cKO. Finally, mice that did not undergo weekly behavioral testing displayed only limited skilled forelimb recovery, with performances similar to those of mice tested at 1 week after injury. In the absence of weekly testing, refinement of cortical motor maps was also impaired, irrespective of Ryk conditional deletion, highlighting the importance of targeted plasticity.
We demonstrate here that the cortical motor map undergoes dramatic changes to achieve recovery and this reorganization requires continued task-specific training. We also show genetic evidence demonstrating Wnt signaling as important regulator of axon plasticity in Limited functional recovery can be achieved through rehabilitation after incomplete spinal cord injury. Eliminating the function of a repulsive Wnt receptor, Ryk, in mice and rats by either conditional knockout in the motor cortex or monoclonal antibody infusion resulted in increased corticospinal axon collateral branches with presynaptic puncta in the spinal cord and enhanced recovery of forelimb reaching and grasping function following a cervical dorsal column lesion. Using optical stimulation, we observed that motor cortical output maps underwent massive changes after injury and that hindlimb cortical areas were recruited to control the forelimb over time. Furthermore, a greater cortical area was dedicated to controlling the forelimb in Ryk conditional knockout mice than in controls (wild-type or heterozygotes). In the absence of weekly task-specific training, recruitment of ectopic cortical areas was greatly reduced and there was no significant functional recovery even in Ryk conditional knockout mice. Our study provides evidence that maximal circuit reorganization and functional recovery can be achieved by combining molecular manipulation and targeted rehabilitation. npg a r t I C l e S adult spinal cord using conditional knockout. Additionally, we demonstrate that a Ryk monoclonal antibody can be a theraputic tool blocking Ryk function after lesion for improved functional recovery. A large proportion of patients have incomplete spinal cord injuries, providing a substrate for recovery. Our work illustrates that promoting circuit plasticity is a promising approach to restore function.
RESULTS
Ryk cKO enhances recovery of fine motor control after SCI Mice underwent 2 weeks of training for the reaching and grasping task, followed by a C5 dorsal column spinal cord lesion: a partial spinal cord injury model leaving the dorsal gray matter, lateral white matter and the entire ventral spinal cord intact (Fig. 1a,d,e) . Immediately after dorsal column lesion, forelimb reaching and grasping function is lost (Fig. 1f) . With continued training, the success rate of sugar pellet retrieval recovers due to reconfiguration of neural circuits 5 . Studies have shown that the CST undergoes robust collateral sprouting after injury, and some of the new sprouts are thought be responsible for new functional circuits [10] [11] [12] [13] . However, axon sprouting is inhibited by molecular cues that limit axon plasticity 14, 15 .
Members of the Wnt glycoprotein family are phylogenetically conserved axon guidance molecules that direct the growth along the rostrocaudal axis of both ascending sensory axons and descending CST axons during development 6, 16 . The repulsive Wnt receptor, Ryk, which mediates Wnt repulsion of the developing CST neurons, is either not expressed in the normal adult motor cortex and CST neurons or expressed at extremely low levels, below the detection limits of in situ hybridization or immunohistochemistry 7 . Spinal cord injury re-induces expression of Ryk mRNA and Ryk protein in the injured CST. By injecting function-blocking antibodies to Ryk and diffusible Wnt inhibitors, it was found that inhibiting Wnt-Ryk signaling enhanced the plasticity of both sensory and motor axons following injury [7] [8] [9] . However, Ryk antibodies or Wnt inhibitors may exert the effects by impacting on the environment, such as the glial cells around the lesion, rather than CST axons per se.
To specifically test the role of Ryk in neurons, we created a Ryk conditional allele (cKO) and crossed these mice with Ai14 B6.Cg mice containing a loxP-flanked stop cassette preventing tdTomato expression, in order to specifically label recombined corticospinal axons after viral transduction (Fig. 1b,c, Supplementary Fig. 1 ). We injected these Ryk cKO::tdTomato Ai14 mice with an adenoassociated virus (AAV) that expresses Cre recombinase under the control of the cytomegalovirus (CMV) promoter into the primary motor cortex and assessed the enhancement of corticospinal circuit remodeling (Fig. 1a) . We injected AAV-Cre into adult motor cortex an average of 2.3 weeks before C5 dorsal column lesion in order to ensure sufficient time for Cre expression so that injury would not lead to Ryk expression. We found that Ryk deletion in the CST significantly enhanced recovery of skilled forelimb function, as assessed by forelimb reaching and grasping, over a period of 12 weeks (repeated-measures ANOVA P < 0.005, Fig. 1f, Supplementary Fig. 2 ). Mice displayed the effects of Ryk deletion early on, with a trend toward better performance at early testing sessions. We observed this consistently; it may be a result of reduced retraction of axons and collaterals as previously demonstrated at 5 weeks post-injury in animals infused with Ryk antibodies 7 . Following Ryk conditional deletion, mice recovered to 81 ± 7% of peak pre-injury success rates, compared to only 60 ± 5% in control mice.
Ryk cKO enhances CST collateral sprouting after spinal cord injury To begin to address the mechanisms underlying improved functional recovery in Ryk cKO mice, we analyzed CST collaterals and synapse density along collateral sprouts in the cervical spinal cord. We found that conditional Ryk deletion did not significantly reduce axonal dieback of the injured CST (one-tailed t-test P = 0.12) but did lead to significantly increased numbers of CST collaterals within the spinal gray matter, both rostral and caudal to the site of C5 injury, at 12 weeks post-injury (one-tailed t-test P < 0.05, Fig. 2) . In addition to a greater number of axon collaterals, mice with Ryk conditionally deleted from cortical pyramidal neurons exhibited presynaptic vesicular glutamate transporter 1 (vGlut1)-labeled puncta on identified corticospinal axon collaterals at 600 µm rostral to the injury site, suggesting enhanced functional connectivity following Ryk conditional deletion (Fig. 3a-c) . npg a r t I C l e S Most CST axons reside within the dorsal columns and are lesioned by the C5 dorsal column injury. A sparse, minor component of CST axons descend down the spinal cord within the lateral columns (lateral CST), which remained intact in our C5 lesion paradigm and may contribute to functional recovery 5 (Fig. 1d) . To test this, we first characterized the distribution of axon collaterals in the spinal cord both rostral and caudal to the C5 lesion. We observed an increase in axon collateral density in Ryk conditionally deleted mice throughout the gray matter, with the highest density more medial, in close proximity to the principal dorsal column corticospinal tract (Fig. 3a,d) , suggesting that most of the increased branches may come from the dorsal column CST following Ryk deletion. No axons were present within the dorsal column CST caudal to C5 lesion in any of the mice studied.
To further assess the contribution of the dorsal column CST to behavioral recovery, we performed a second dorsal column lesion in these animals 12 weeks after C5 injury at the C3 level, 1.15 ± 0.07 mm rostral to the original C5 injury (Fig. 4a,b) . The lateral CST is again spared in this lesion. We waited 1 week before behavioral testing to allow the mice to recover from the immediate hyporeflexic stage of spinal shock 17 . The secondary injury at C3 ablated the enhanced functional recovery we observed in the Ryk conditional deletion mice, leaving only the modest levels of partial recovery achieved by control mice (Fig. 4c) . This suggests that the axon sprouts from the dorsal column CST are indeed responsible for the enhanced functional recovery in the Ryk conditional knockout. This also suggests that the spared lateral CST axons may provide only a minor contribution to a basal level functional recovery, independent of the dorsal column corticospinal tract. Quantification of axon distribution at 2 weeks after C3 lesion confirmed that the secondary C3 injury eliminated a majority of axon collaterals between npg a r t I C l e S the two injury sites, thereby disrupting the remodeled corticospinal circuit (Fig. 4d-f ).
Monoclonal Ryk antibody promotes functional recovery
To test whether inhibition of the Wnt-Ryk signaling axis in the injured spinal cord after spinal cord injury is sufficient to increase CST remodeling and enhance behavioral recovery, we generated a new monoclonal Ryk antibody using half of the Wnt binding domain (amino acid range 90-183) as the antigen and infused into adult rats immediately following dorsal column lesion (Fig. 5a,d, Supplementary  Fig. 3 ). We have previously generated function-blocking polyclonal antibodies using the same region 7 . Following a C5 dorsal column wire-knife lesion, Ryk antibody infusion via osmotic minipump for 4 weeks promoted recovery of skilled forelimb function in the forelimb reach task with all rats recovering to peak pre-injury levels, as compared to only half of rats infused with IgG control (Fig. 5b) . Ryk antibodies did not enhance recovery in the grid-crossing locomotor task since rats exhibited similar levels of forelimb stepping impairment irrespective of treatment group (Fig. 5c) . We labeled corticospinal axons by injecting biotinylated dextran amine (BDA) into the motor cortex. Consistent with the conditional Ryk deletion before injury, we found that the Ryk monoclonal antibody infusion at the time of injury resulted in an increase in corticospinal axon collaterals both rostral and caudal to the level of injury (one-tailed t-test P < 0.05, Fig. 5e-i, Supplementary Fig. 4 ). The extent of increase in collateral sprouts after Ryk antibody infusion in rats was similar to that observed in CST axons lacking Ryk expression in mice (Figs. 2e and 5i) . These results also suggest that Ryk signaling is a feasible therapeutic target, since functional recovery can be promoted by blocking its function after spinal cord injury.
Cortical map reorganization during recovery
In order to address the circuit mechanisms with which the primary motor cortex regains control over the remodeled spinal cord, we used an optogenetic approach to monitor cortical output. Cortical motor maps have been studied using intracortical electrical stimulation in rodents and primates, as well as transcranial magnetic stimulation in humans [18] [19] [20] [21] . Recent advances in optogenetic tools allow for the stimulation of specific neural populations in a minimally invasive manner 22 . Specifically, the expression of the light-activated, non-selective cation channel channelrhodopsin-2 (ChR2) under the control of the Thy1 promoter (Thy1-ChR2) allows for selective activation of layer V projection neurons within the motor cortex 22 . We performed unilateral craniotomies on Thy1-ChR2 mice contralateral to the dominant forelimb in order to investigate motor map changes through repeated optogenetic mapping of evoked motor output after injury 23, 24 ( Supplementary Fig. 5 ). Following craniotomy, we injected AAV-Cre unilaterally into the motor cortex contralateral to the dominant forelimb, as the contralateral cortex exhibits motor plasticity in response to forelimb training 25 . We assessed motor map output by observing evoked, contralateral motor outputs in sedated mice and compared Ryk cKO with wild-type or heterozygote controls. We observed massive remapping of cortical motor output immediately after spinal cord injury in the mouse (Supplementary Fig. 6a,b) . Acutely (3 d) after C5 injury, the total area of motor representations a r t I C l e S for limb muscles at or below the level of the lesion was reduced or eliminated (Supplementary Fig. 6c) . Conversely, motor maps expanded for muscle groups with motor neurons above the injury site, most notably elbow flexion mediated by biceps brachii and brachialis Figs. 6 and 7a,b, Supplementary Fig. 6c ). Over the next 2 months following spinal cord lesion, cortical maps underwent gradual (i) Sum of normalized axon collaterals over 5 mm relative to control. Rats infused with Ryk mAb had greater levels of collateralization both rostral and caudal to the lesion than control mouse IgG infused rats (n = 6 rats (IgG control), 5 rats (Ryk mAb), one-tailed t-test *P < 0.05: rostral P = 0.0446, t 6 = 2.000; caudal P = 0.0196, t 6 = 2.594). Data in b,c,g,h presented as mean ± s.e.m.; data in i presented as median and interquartile range. Fig. 6 ). Behavioral recovery after C5 spinal cord injury plateaued between 4 and 8 weeks postinjury (Fig. 1f, Supplementary Fig. 7) , with a median time to reach 90% of peak post-injury performance of 6 weeks in control mice and 5 weeks in Ryk conditional deletion mice. Therefore, we examined cortical motor maps before and after peak recovery, at 4 weeks and 8 weeks post-injury, respectively. At 4 weeks post-injury, we observed significant differences in the proportion of motor cortex allocated to forelimb extensor (biceps) or forelimb flexor (triceps) activation, with Ryk-deleted mice exhibiting larger flexor motor maps at the expense of extensor maps (P < 0.05, one-tailed t-test, Fig. 7b,c, Supplementary Fig. 6a,b) . Expansion of elbow extensor areas at 4 weeks into regions originally occupied by the flexor was inversely correlated with behavioral recovery (n = 21 mice: 10 (control), 11 (Ryk cKO), Spearman's ρ = −0.5766, P = 0.0062). By 8 weeks post-injury, Ryk-deleted mice exhibited a pattern of extensor and flexor motor maps similar to that of controls; however, the total area occupied by all elbow movements (flexor and extensor) was significantly larger in Ryk-deleted mice (one-tailed t-test, P = 0.0480, t 14 = 1.79). Additionally, at 8 weeks post-injury, wrist flexor representations returned to (or exceeded) maximal preinjury size in 64% of Ryk-deleted mice compared to 10% of control mice (Wilcoxon rank sum P = 0.0136, χ 2 = 6.086, Supplementary  Fig. 6c) . Recovery of wrist flexor control correlated with improvement of forelimb reach performance at 8 weeks post-injury (Spearman's ρ = 0.4555, P = 0.0380). Over the course of the experiment, there was a strong correlation of wrist movement and skilled forelimb reach performance, regardless of injury or genotype (Pearson's ρ = 0.665, P < 0.0001, Fig. 8d) .
In order to further characterize the remapped cortical output, mice were subjected to a second dorsal column lesion at C3, rostral to the level of extensor motor units, at 8 weeks after C5 injury (Fig. 4b) . We found that the C3 injury significantly reduced flexor motor maps in all mice but, surprisingly, had little effect on the recovered extensor motor maps, suggesting the flexor control is routed from connections rostral to C3 or from the lateral corticospinal tract (Fig. 6d, Supplementary Fig. 6a,b) . Importantly, a subsequent unilateral pyramidotomy abolished unilateral forelimb responses to cortical stimulation and also the ability of mice to perform the forelimb reach task (Fig. 6c, Supplementary Figs. 6a,b and 7) . Although plasticity of other supraspinal pathways, such as the rubrospinal tract or reticulospinal tract, may also contribute to functional recovery, the effects of unilateral pyramidotomy suggest that a direct connection between the primary motor cortex with the cervical spinal cord is essential for the recovered skilled forelimb movement (Supplementary Fig. 6a,b) .
Cortical re-organization requires rehabilitative training
The repeated testing of skilled forelimb reach over the course of the experiment essentially constitutes a rehabilitative training paradigm that can promote motor recovery from spinal cord injury and cortical reorganization 26, 27 . In order to determine if the induced axonal npg a r t I C l e S plasticity mediated by Ryk deletion alone was sufficient to promote functional recovery, we tested the recovery of skilled forelimb reach at 8 weeks after C5 injury in another cohort of mice that did not undergo weekly behavioral testing after injury (Fig. 8a) . Mice that did not undergo weekly behavioral testing displayed only limited skilled forelimb recovery with performance similar to that of mice tested at 1 week after injury (Figs. 8c and 1f) . In the absence of weekly testing, refinement of cortical motor maps was also impaired, irrespective of Ryk conditional deletion (Fig. 8b, Supplementary Fig. 8 ).
DISCUSSION
In order to understand how neural circuits reorganize to regain function after injury, we performed functional, anatomical and behavioral analyses. We demonstrate here that the motor cortex remaps such that the cortical areas are no longer used for the hindlimb are recruited to control the forelimb to achieve functional recovery after a C5 dorsal column lesion and this reorganization requires continued training. We also showed that removing Ryk, a receptor for the Wnt family of axon guidance cues, results in greater CST axon plasticity and cortical circuit remodeling in conjunction with rehabilitative training, leading to maximal functional restoration. The more gradual and persistent changes in cortical control maps observed in injured Ryk cKO mice are likely due to the enhanced changes in connectivity within the spinal cord and cortical circuits that occur in the absence of Wnt-Ryk signaling. We found previously that Wnt-Ryk signaling controls topographic map formation in the developing visual system 28 . Here we reveal a novel function of Wnt-Ryk signaling in controlling motor cortex remapping after spinal cord injury in adulthood. Previous studies demonstrated that somatosensory cortical maps expand into affected neighboring regions after spinal cord injury 10, 11 . We characterized the motor output map after spinal cord injury and show here that forelimb motor maps spread into adjacent regions affected by injury. We observed an expansion of flexor control area caudally and medially toward cortical regions originally responsible for hindlimb movements (Fig. 7d,e, Supplementary Fig. 6a,b) . These changes are likely stereotypical, because wrist flexor representations exhibited a medial shift as they recovered, similar to observed shifts of digit representations in primates 29 (Fig. 7d, Supplementary Fig. 6a,b) .
Alterations of motor output maps have been noted in spinal cord injury patients for many years, but the neural circuit mechanisms remain unknown. In rats, naïve transected hindlimb-projecting corticospinal neurons sprout into the cervical spinal cord as early as 1 week after spinal cord injury 11 . However, it is unlikely that early expansion of motor maps above the level of the injury, which we observed only 3 d later in mice, was due to sprouting and establishment of new connectivity patterns; rather, it is likely due to a loss of inhibition within the cortex 21 . By 4 weeks after spinal cord injury, cortical maps likely reflect the output to the remodeled corticospinal circuitry in the cervical spinal cord. We observed that the greater CST axon collateral numbers induced following Ryk deletion lead to a slight increase in connections with motor units distal to the injury site but a greater increase with those rostral to the injury (Figs. 2h  and 3b) . Therefore, the changes in connectivity above the level of injury could be the main source for the changes of cortical maps (Fig. 7f) . For example, the initial expansion of the biceps control areas at 4 weeks post-injury, and subsequent reduction at 8 weeks, may result from an initial sprouting of all CST collaterals that project to the forelimb motor units in the cervical spinal cord, followed by a subsequent pruning through Hebbian competition. The recruitment of the hindlimb cortical areas for triceps control may result from de novo connections to the forelimb motor units of the cervical spinal cord from corticospinal neurons that originally projected to the hindlimb. These sprouts may either directly contact motor units or form relays using propriospinal neurons. Conditional deletion of Ryk in corticospinal neurons enhances collateral sprouts and thus may recruit more spinal cord circuitry, a process that likely underlies greater recovery of skilled forelimb function. The results of our antibody infusion experiments in the spinal cord suggest that circuit remodeling in the cervical spinal cord is sufficient to promote functional recovery. However, it is plausible that connectivity changes within the primary motor cortex also contribute to the remodeling of the entire circuit.
Other descending pathways are also involved in fine motor control and can partially compensate for the loss of CST input on a skilled forelimb reach task 30 . Additionally, animals with incomplete lesion of the pyramids have been shown to exhibit similar success rates of skilled forelimb reach to intact control animals through compensatory forelimb movements, indicating that a small proportion of spared CST is capable of restoring full, if altered, function on the skilled forelimb reach task 31 . In 59% of our Ryk cKO mice and 100% of Ryk monoclonal antibody-infused animals, we achieved recovery of skilled forelimb reach to levels at or above peak pre-injury levels. In our dorsal column lesion model, this full recovery clearly requires the novel CST connections rostral to the lesion, as a second C3 lesion abolishes the enhanced recovery. While the CST is not the sole component mediating control of skilled forelimb reach, it is required for the recovered function, as pyramidotomy in our mouse model completely abolished the reaching and grasping behavior. These results suggest that restoring at least some CST function is a critical component in optimal recovery of motor control after injury, as compensatory plasticity of other tracts drives limited recovery in rodents, which are less dependent upon the CST for motor control than primates.
In this study, we also demonstrate that a Ryk monoclonal antibody can be a therapeutic tool, as blocking Ryk function after lesion leads to improved functional recovery. We show here that maximal recovery of the forelimb can be achieved by combining targeted plasticity for the forelimb function (continued reaching and grasping training) and molecular manipulation. Therefore, we anticipate that combining targeted plasticity of other functions with molecular manipulation may allow recovery of other motor or sensory functions. A large proportion of patients have incomplete spinal cord injuries, providing a substrate for recovery 32 . Our work illustrates that promoting circuit plasticity is a promising approach to restore maximal function following incomplete spinal cord injury.
METhODS
Methods and any associated references are available in the online version of the paper. cryosections spaced 140 µm apart for mice, or 0.741 µm in six total serial sagittal spinal cord cryosections spaced 280 µm apart for rats, divided by thresholded pixels in transverse sections of the pyramid at the level of the obex. Lesion volume was calculated using the Cavalieri estimator tool in StereoInvestigator (MBF Bioscience, Williston, VT) on every seventh 40 µm sagittal section. For tdTomato and vGlut1 colocalization, all axons within the gray matter were quantified over a region 210 µm wide at a distance of 600 µm rostral to the C5 lesion in the eight total serial sagittal cryosections used for tdTomato quantification. The location of 600 µm was chosen it is where as we observed the highest density of axon collaterals in this region in both groups of animals ( Fig. 1g) and because it is located between the original C5 and secondary C3 lesions.
Behavioral testing. All animals were trained on the skilled forelimb reach task over a period of two weeks before bilateral spinal cord injury. Animals were food restricted during training and then for 24 h before weekly training after injury. Animals reached through a vertical slot in the front of an acrylic chamber and over a small gap to retrieve a reward pellet. Mice performed 25 reaches per session for 20 mg sucrose reward tablets (TestDiet, St. Louis, MO). Rats performed 50 reaches per session for 45 mg sugar pellets (Bio-Serv, Flemington, NJ). Successful retrieval rate was calculated as the number of pellets that were retrieved and eaten divided by the number contacted by the forepaw. Animals were trained in the forelimb reach task twice weekly by two independent investigators blind to genotype or experimental treatment; the two independent scores were averaged. Mice in the group without weekly training during recovery were only tested twice, at 8 weeks after injury. In addition to forelimb reach, rats were tested once weekly on a grid crossing task, where forelimb footfalls were calculated as a percentage of total forelimb steps in three passages over a 60 inch span of 1 inch equidistant wire grid.
Statistics. Statistical tests indicated in main text were performed using JMP 9 software (SAS Institute, Cary, NC). We have previously demonstrated that inhibition of repulsive Wnt signaling results in sprouting and plasticity of descending corticospinal and ascending dorsal column sensory axons after spinal cord injury [7] [8] [9] . In addressing our hypothesis that Ryk cKO or Ryk monoclonal antibody enhanced axon sprouting, we tested the increases by one-tailed t-test (Figs. 2e,  3d and 5i and Supplementary Fig. 3) . In order to test longitudinal behavioral studies with multiple, equally spaced measurements, we used repeated-measures ANOVA (Figs. 1f and 5b and Supplementary Fig. 6 ). In testing multiple groups with continuous, parametric data, we used ANOVA with post-hoc Bonferroni correction on appropriate post-hoc comparisons (Figs. 4c and 8c) . Bivariate correlation was performed to determine the relationship between forelimb function and cortical maps (Fig. 8d) . Continuous data was tested with parametric tests and data was assumed to be normally distributed, but this was not formally tested.
A Supplementary methods checklist is available. npg
